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TIDALLY INDUCED RESIDUAL CIRCULATION 
P. C. SnqnA and A. K. MITRA 
Centre for Atmospheric Sciences, Indian Institute of Technology, New Delhi 1 I0 016, India 
Abstract--A depth-averaged numerical hydrodynamic odel is developed for the study of tidally induced 
residual circulation i four idealized geomorphological settings. The model is fully non-linear nd uses 
a conditionally stable semi-explicit finite difference scheme for solving the relevant equations. Numerical 
experiments are performed with the help of this model to study the tidal stream currents, residual currents 
and the formation ofresidual gyres in the four dynamical situations. The results are found to be consistent 
with those discussed by several uthors for different regions. 
I. INTRODUCTION 
The dominant motion in most coastal seas is oscillatory flow driven by the tides of the adjacent 
ocean basin. The tidal mean distribution of heat, dissolved salts, pollutants, suspended materials 
etc. is strongly influenced by the tidal oscillatory flow, while their tidal mean transport is controlled 
by the residual flow. Here, the term residual is used to refer to the non-tidal part of the motion. 
For theoretical considerations, it is convenient to define the residual as the time mean, so that the 
residual, aR, of a fluid parameter a is [1] 
1 f '°+r = adt ;  t2R "~ j t ° 
where the averaging period T would depend on the nature of the primary flow. 
Tidal currents in the vicinity of bottom topographic features are generally asymmetrical, in that 
at some places more water seems to be displaced in the direction of the flood current (a flood 
surplus), whereas the r verse occurs elsewhere (an ebb surplus). These surpluses, called residual 
currents, are often organized in cell-like structures or "residual eddies". Although these features 
have long been recognized, the underlying physical dynamics of residual eddies in connection with 
irregular bottom topography have only recently been understood. Different mechanisms may be 
working in each geomorphological setting, but the formation of residual tidal circulation can in 
each case be understood as a transfer of vorticity from the tidal oscillating velocity field to the mean 
(residual) field [2]. So, embedded with the apparent periodic tidal flow is the net movement of water 
known as the residual circulation, whose magnitude is typically much smaller than that of the tidal 
stream currents. This residual is the non-linear interaction of the oscillating tidal streams and the 
non-linearity generated by the flow of water in a shallow region with irregular bottom topography, 
coastal geometry and the bottom friction. 
If we study the worldwide distribution f tidal current ridges [3], the tides in the head of the 
Bay of Bengal and on the West coast of India have a very high range with the presence of tidal 
current ridges. In low-lying coastal lands adjoining the shallow parts of the Bay of Bengal and the 
Arabian Sea, accurate knowledge of the tides is important [4]. However, tidal-driven residuals are 
equally important because they are persistent features, linked to the local bottom or coastal 
topography, fluctuating only with the strength of the semi-diurnal tides over the regular 
spring-neap cycle. Therefore, even if they are considerably weaker than storm-driven residual wind 
drifts which occasionally occur, they can contribute significantly to the overall long-term 
distribution and transport of water properties than do the stronger, but intermittent and 
directionally inconsistent, wind-driven flows. Therefore, for detailed study of the tidal currents and 
the tidally induced residual currents in our home waters, the shoal marginal seas may best be 
included by constructing separate regional models with improved parameterization of the 
dissipation processes. 
The study of tidally induced residual circulation will contribute knowledge to the net circulation 
pattern, transport phenomena of conservative substances, dispersion of sediments and pollutants, 
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formation of sand banks etc. Such studies have been doric for coastal and shelf seas, including the 
North Sea, coastal bays in the north west Atlantic, Kasado Bay, Japan, the coastal area of New 
Zealand etc. In many of the above regions the residual eddy structure is determined from the 
observed current measurements. The alternative approach as been to solve the hydrodynamical 
problem numerically, which is an effective tool in accurately determining the residual circulation 
pattern. 
In this study we develop a depth-averaged model to examine the tidally induced residual 
circulation in a shallow coastal region. The model is integrated with appropriate boundary 
conditions to study the tidal stream current, residual current and the formation of residual gyres 
in four idealized geomorphological settings. The formation of residual gyres is explained by the 
transfer of vorticity from the tidal stream flow to a mean field. The qualitative nature of the residual 
gyres are found to be in good agreement with those discussed earlier by various authors for different 
regions. 
2. FORMULATION 
In a tidal wave there exists uniformity of the horizontal currents in the vertical. The baroclinic 
gravitational circulation can be ignored and the vertical component of velocity can be neglected 
throughout he analysis. The horizontal dispersive stress can be neglected, as they are small 
compared to the bottom friction. So, a three-dimensional problem will be reduced to a 
two-dimensional one, by averaging the various local equations over the vertical. In the above 
assumption it is implicit that the turbulent energy generated by the bottom friction of the dominant 
tidal flow is sufficient o mix both mass and momentum efficiently throughout the water column. 
An appreciable amount of tidal energy is dissipated by friction of tidal currents along the bottom 
of shallow seas and shelves and along the coast. Accordingly, the flow over topography in shallow 
water can be well-simulated by a depth-averaged two-dimensional model. 
For the model formulation the sphericity of the earth's surface is neglected and a system of 
rectangular cartesian coordinates i used in which the origin, 0, is within the equilibrium level of 
the sea surface; 0x points eastward, 0y points orthward and 0z is directed vertically upwards. The 
displaced position of the sea surface is given by Z = ~ (x, y, t) and the position of the sea bed by 
Z = -h  (x ,y )  (Fig. 1). 
The basic hydrodynamic equations of continuity and momentum in the vertically integrated flux 
form may then be given by 
a~ au av o~+~+~y =o, (l) 
au ~ ~y v~),/2 Ot + (Uu)+ (Uv) - fV=-g(~ +h) O~ cfU - -  3x (( + h) (u2 + (2) 
z -  Ver l ioo  L 
- Nor th  
I h 
I 
Fig. 1. The coordinate ~p~tation. 
z=-h(x,y) 
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and 
0V 
+~ (Vv)+fv = -g  (~ +h) ~ efV O--7 + ~x ( VU ) Oy Ok, (( + h) (u2 + v2)l/2" (3) 
U = u(( + h) and V = v(( + h), u and v are the depth-averaged velocity components in the x- and 
y-directions, respectively, and f is the Coriolis parameter. Here, we neglect he surface stress term 
and the forcing is provided by the astronomical tide. The bottom stress is parameterized by 
conventional quadratic law, where Cr = 2.6 x 10 -a is an empirical bottom friction coefficient. 
In addition to the bottom conditions, appropriate conditions have to be satisfied along the lateral 
boundaries of the sea area under consideration at all points in time. Theoretically, the only 
boundary condition eeded in the vertically integrated system is that the normal transport should 
vanish at the coast. So, if we have stair-stepped coasts made up of segments of straight lines parallel 
to the x- and y-axes, then 
U = 0, along y-directed boundaries ~r for t t> 0. 
(4) 
V = 0, along x-directed boundaries J 
At the open-sea boundary, the normal currents across the boundary may be prescribed, yielding 
a condition such as condition (4) modified by a non-zero term on the r.h.s, of the equation. 
Accordingly, a radiation-type boundary condition [5] may be prescribed in the following form: 
v + (g/h) '/2 ( = 0 at y = 0, (5a) 
v - (glh) m ( = 0 at y = L, (Sb) 
u + (g/h)~/2( = 0 at x = 0, (5c) 
u - (glh) 1/2 ( = 0 at x = B; (Sd) 
where B and L are the east-west and north-south extent of the analysis area, respectively. 
Application of a radiation-type condition, as mentioned above, at the open-sea boundary of a 
model allows the propagation of energy (disturbances) only outwards from the interior in the form 
of a simple progressive wave. It also helps to eliminate the transient response more quickly, as a 
result of the frictional dissipation in the system. Application of such a boundary condition may 
remove the unrealistically arge currents and grid-scale oscillations in the vicinity of the open 
boundary, which may possibly be produced by the application of conventional open-sea boundary 
conditions, i.e. ( = 0 at y = 0, y = L [6]. 
To model the flow over topography for an analysis area having one coastal boundary and three 
open-sea boundaries it has been found appropriate [7] to use a radiation-type boundary condition 
on the open-sides, perpendicular to the coast, while along the open-sea boundary, parallel to the 
coast, we employ the following condition: 
0 
0x (~ 'h )=0 atx  B. (6) 
A co-oscillating tide is generated by prescribing the temporal variation of the sea-surface 
elevation along the open-sea boundary (y = 0), at which we use a generalization of the linearized 
radiation condition (5a). The condition has the form [8] 
v+ ~=2a~-~)  sm~-~--+O , (7) 
where a and • correspond to the amplitude and phase of the tidal forcing, and T is the time period 
of the tidal constituent. Such a condition would allow the outward propagation of an internally 
generated response from the analysis area and it would also communicate he tide of the adjacent 
ocean into the analysis area. 
As usual it is assumed that the motion in the sea is generated from an initial state of rest, so 
that ~ = u = v = 0 everywhere for t ~< 0. Thus, starting from an initial state of rest, the transient 
response would be gradually dissipated by friction and also radiated out of the computational 
domain. Therefore, an oscillating response would remain in the analysis area, corresponding to the 
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tidal constituent with period T. Only one tidal constituent, M2, has been used in the simulation 
studies which would permit clear, unambiguous definition for various residual variables. 
3. NUMERICAL PROCEDURE 
The solution of equations (1)-(3) is achieved by a finite difference formulation using the method 
of time-stepping as an initial-value problem, in which, after several tidal cycles, dissipative ffects 
eliminate all memory of the initial conditions and the solution becomes periodic. 
A conditionally stable semi-explicit finite difference scheme with a staggered grid is used for the 
computations. In fact, the stability is only conditional upon the time-step being limited by the space 
increment and the gravity wave speed. This is governed by the CFL (Courant-Friedrich-Lewy) 
criterion, i.e. 
At 
~x  ~< 1. (8) 
The predictive quations (1)-(3) are solved numerically by considering a set of grid-points defined 
by 
and 
x = x~= ( i -  1) Ax, i = 1,2 . . . .  m, 
y=y:=( j -1 )Ay ,  j= l ,2  . . . .  n, 
Where Ax = B/(m - 1) and Ay = L/(n - 1) are the grid-increments. A sequence of time instants is 
defined by 
t=tp=pAt ,  p=0,1  . . . . .  
The details of the discretization procedure and the finite difference grid selection are completely 
analogous to those reported by Dube et al. [9]. 
The rectangular grid system is chosen to cover the whole analysis area with m chosen to be even 
and n to be odd. The lateral boundaries of the finite difference grid are so constructed that the 
northern and southern open-sea boundaries (y = 0 and y = L) consist of ~-points and u-points. 
The eastern open-sea boundary consists of ~-points and v-points. 
4. NUMERICAL EXPERIMENTATION AND DISCUSSION OF RESULTS 
Numerical experiments are performed with the help of the model to study the generation of 
residual gyres in different dynamical situations. For all the experiments, the analysis area is taken 
as 100 x 100 kin, Ax = 2.5 km, Ay = 2.564 kin, m = 40 and n = 39. A time-step of 1 rain was found 
to be consistent with the computational stability. The time period of the principal semi-diurnal tide 
is taken as 12.4 h and the amplitude of the tidal elevation at the open-sea boundary (y = 0) is 
prescribed to be 0.3 m. Except for the case of a sloping sandbank, a uniform depth of 50 m is taken 
for all the experiments. Simulation studies have been done for four different dynamical situations, 
namely: 
(i) flow around a sandbank; 
(ii) flow around a headland; 
(iii) flow around an island; 
(iv) flow in a semi-enclosed basin. 
4. I. Flow around a sandbank 
In this section we consider the flow around a sandbank, having a maximum height of 40 m. The 
shallow region of the analysis area is shown by the shaded portion in Figs 2a and 2b. As we go 
across the topographic feature the depth of the water column decreases from 50 m at the foot of 
the hill to 10 m at the top and again goes on increasing radually to 50 m at the other side. In our 
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Fig. 3. Residual vorticity around a sandbank (10 -6 s-~): ~ shallow area; ~ positive; ~ negative. 
simulation, with the earlier mentioned parameters, tidal solution is achieved after integration f 
eight tidal cycles. The results of the ninth tidal cycle are analysed. It is found that the orders of 
magnitude of sea-surface elevation, tidal stream currents and vorticity are 10-~ m, 10-1m s-~ and 
10 -6 s-~, respectively. The orders of magnitude of the residual current (Fig. 4) and residual vorticity 
(Fig. 3) are found to be 10-2m s -~ and 10-6s -~, respectively. There is a complete reversal in the 
direction of tidal stream flow from flood to ebb (Figs 2a and 2b). During flood or ebb there is a 
component of flow normal to the topography axis. As the water flows from the deep to shallow 
region the water column is squeezed and again stretched in the deep region past the sandbar. To 
conserve the potential vorticity, during flood, negative vorticity is generated over the shallow region 
and positive vorticity is generated off the sandbar in the direction of flow. During ebb, negative 
vorticity is generated over the sandbar and positive vorticity in the deep water past the sandbar 
in the direction of flow. The net effect over a tidal cycle (residual) is negative vorticity over the 
shallow region and positive over the deep water (Fig. 3). Accordingly, the residual current pattern 
parallel to the sandbar is shown in Fig. 4. There is a clockwise residual gyre over the sandbar and 
anticlockwise circulation in the deep water both north and south of the sandbar. These results are 
consistent with the works of other authors [2, 10-19] for various regions. 
4.2. Flow around a headland 
We now consider a promontory type of coast, where the headland extends to 50 km offshore. 
All other parameters emain the same as before, the tidal solution is achieved after integration of 
eight tidal cycles. The results of the ninth tidal cycle are analysed. The orders of magnitude of the 
sea-surface levation, stream currents and vorticity are 10-tm, 10-rams -~ and 10-4S -1, re- 
spectively. There is a complete reversal in the direction of tidal stream flow from flood to ebb (Figs 
5a and 5b). The flow near the stair-stepped coast shows clearly that the tidal flow has difficulty 
in following the coastline closely at sharp corners. The orders of magnitude of residual current (Fig. 
7) and residual vorticity (Fig. 6) are 10-~m s-1 and 10-Ss -I, respectively. During flood or ebb, 
there exists a torque which acts to produce residual vorticity, even if the streamline pattern around 
headland is almost the same. Along the headland the tidal flow is accelerated and decelerated in
the current direction and has a maximum near the headland. A frictional boundary layer is 
developed inwhich the current velocity gradually diminishes towards the coast. This exerts a torque 
to produce vorticity in the flow leaving the headland. Thus net positive vorticity is carried to the 
north during flood and negative to the south during ebb. In the residual vorticity field (Fig. 6), 
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areas north of the promontory have positive vorticity and negative to the south. In the residual 
circulation pattern (Fig. 7) we find two gyres of almost equal dimensions, one to the north and 
other to the south of the headland. The gyre north of the promontory is cyclonic, while that in 
the south is anticyclonic. There is a net residual flow away from the headland. These results are 
qualitatively similar to the works of other authors [18-26] for various regions. 
4.3. Flow around an island 
Here an idealized island of maximum dimension 30 x 30 km and 32.5 km away from the western 
coastal boundary is considered. All other parameters emain the same as before, tidal solution is 
achieved after integration of eight tidal cycles. The results of the ninth tidal cycle are analysed. 
The orders of magnitude of the sea-surface elevation, tidal stream currents and vorticity are found 
to be 10 -1 m, 10 -I ms -~ and 10-Ss -l, respectively. There is a complete reversal in the direction 
of tidal stream flow from flood to ebb (Figs 8a and 8b). The flow near the stair-step coast of the 
island shows clearly that the tidal flow has difficulty in following the coastline closely at sharp 
corners. The orders of magnitude of residual current (Fig. 10) and residual vorticity (Fig. 9) are 
obtained as 10-~m s-l and 10 -5 s -l, respectively. The island can be imagined to be made up of 
two headlands A and B joined together. The vorticity generation during flood and ebb remains 
the same as explained in the case of headland-type coasts. The residual circulation of headland B
is the mirror image of the residual circulation of headland A. If we look at the residual vorticity 
field (Fig. 9) then, to the r.h.s, of the island, an area of positive vorticity is observed to the north 
and an area of negative vorticity to the south. The opposite situation is seen towards the l.h.s, of 
the island. As a result we get four residual gyres around the island (Fig. 10) and on both sides of 
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Fig. 6. Residual vorticity around a headland (10 -~ s-~): [---1 positive; ~ negative. 
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Fig. 9. Residual vorticity around an island (10 -~ s-~): ['--1 positive; ~ negative. 
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Fig. 10. Residual current around an island (10-2m s-n). 
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the island there is a net residual flow away from the island. This result has qualitative similarity 
with the results described by Pingree and Maddock [22]. 
4.4. F low in a semi -enc losed  basin 
A semi-enclosed basin is described in Figs I la and 1 lb. Tidal forcing at the southern open-sea 
boundary (y = 0) is applied through equation (7), which propagates towards the head of the basin. 
In our simulation the tidal solution is achieved after integration f seven tidal cycles by using the 
same parameters as in the other cases. The results of the eighth tidal cycle are analysed. The orders 
of magnitude of the sea-surface elevation, tidal stream current and vorticity are found to be 10-tm, 
10-tm s -~ and l0 -5 s -l, respectively. There is a complete reversal in the direction of tidal stream 
flow from flood to ebb (Figs 1 la and 1 lb). The orders of magnitude of the residual current (Fig. 
13) and the residual vorticity (Fig. 12) are 10-2m s -I and 10 -5 s-t, respectively. Tidal streams 
decrease in magnitude towards the head of the basin. In the flood, a frictional boundary layer 
develops in which the velocity diminishes towards the coast and thus exerts a torque at the lateral 
sides of the basin. As the velocity decreases towards the head of the basin, the torque is also 
reduced. Torque of an opposite sense acts during the ebb flow. The torque produces vorticity in 
the fluid and stronger vorticity is brought in on the flood than is carried out on the ebb. Over a 
tidal cycle the mean result is for residual eddies to exist, as in Fig. 13. Thus a flood surplus exists 
in the middle of the basin (Fig. 13) and an ebb surplus along the sides near the mouth of the basin. 
One anticlockwise gyre to the left inside the basin and one clockwise gyre to the right inside the 
basin are found. Near the mouth of the basin, to the left we have a small clockwise gyre and to 
the right a small anticlockwise gyre. This kind of result is consistent with the results described by 
other authors [27-31] for various regions. 
5. CONCLUSIONS 
The results of the simulation with the help of the model developed for this study are satisfactory. 
Unfortunately, not many data are available to test the model's performance in real situations. For 
this reason we have considered various idealized ynamical situations and model simulations have 
shown that the qualitative nature of the results are similar to the corresponding studies undertaken 
by various authors for different real situations. 
~. '~'~ ~ ~ "x \  "~ N. N. N.~. N. N .N .N . \ \  ~ . \  N. '~N. \ \  N. '~ N. N.N.N. '~ N. N . \  
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Fig. 12. Residual vorticity in a semi-enclosed basin (10 -~ s-~): ~ positive; ~ negative. 
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Fig. 13. Residual current in a semi-enclosed basin (lO-:m s-~). 
The present depth-averaged model can be applied to some real situations along the Indian coast 
to study the tidally induced residual circulation. The proposed areas are: 
(i) head bay region of the bay of Bengal including the Hooghly estuary; 
(ii) coastal areas of Gujarat; 
(iii) Palk-straight; 
(iv) lakes which are connected to the sea, backwater areas, ports etc. 
Once the tidally induced residual circulation for a particular area is found out, the effect of 
surface wind can easily be incorporated into the model to determine the mean circulation due to 
the combined effects of tide and wind. 
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